Biotin is an indispensable adipogenic agent, and its ability to coordinate carbohydrate, lipid, and amino acid metabolism sensitizes insulin signaling in adipocytes. This enables the organism to adapt and survive under nutrient stress by synthesis and storage of lipids. Biotin deficiency mimics insulin resistance with alterations in cellular intermediary metabolism. Though the mechanism of lipogenesis is well established across cell types, considering its predisposition to accumulate only lipids, it is necessary to elucidate the mechanism that minimizes the effects of biotin on adipocyte protein synthesis. In order to determine the differential metabolic phenotype by biotin, the primary cultures of adipocytes were induced to differentiate in the presence and absence of excess biotin. Serum pre-incubated with avidin was used to limit biotin availability in cultured cells. Biotin restricts cellular signaling associated with protein synthesis without altering total protein content. The decline in autophagy elicits endoplasmic reticulum stress to inhibit protein synthesis by eIF2α phosphorylation possibly via accumulation of misfolded/ long-lived proteins. Furthermore, the compensatory increase in Unc51 like autophagy activating kinase 1 possibly competes with eukaryotic initiation factor 4E-binding protein 1 and ribosomal p70 S6kinase phosphorylation by mechanistic targets of rapamycin complex 1 to uncouple its effect on protein synthesis. In conclusion, autophagy inhibition by biotin uncouples protein synthesis to promote lipogenesis by eliciting endoplasmic reticulum stress and differential phosphorylation of mechanistic targets of rapamycin complex 1 substrates.
Introduction
Adipogenesis enables organisms to survive under nutrient stress by predominant synthesis and storage of lipids. Biotin determines cellular lipid synthesis by regulating acetyl-CoA carboxylase (ACC), the rate-limiting enzyme of fatty acids biosynthesis. Biotin deficiency mimics insulin resistance with attenuation of insulin-induced adipogenesis Kuri-Harcuch et al. 1978) . Additionally, the regulation of tricarboxylic acid cycle anaplerosis by biotin establishes metabolic crossroads to demonstrate the interconversion between carbohydrates, lipids, and amino acids. For example, the amino acids augment gluconeogenesis and lipogenesis by replenishing tricarboxylic acid cycle intermediates via pyruvate carboxylase (PC), β-methylcrotonyl-CoA carboxylase (MCC), and propionyl-CoA carboxylase (PCC) (Lynen 1967; Dakshinamurti and Desjardins 1968; Boeckx and Dakshinamurti 1974) . Likewise, pyruvate carboxylase also minimizes amino acid anaplerosis by utilizing pyruvate from glucose metabolism (Cheng et al. 2011) and increases the incorporation of amino acids into proteins of various organs (Boeckx and Dakshinamurti 1974) . Nevertheless, the evolution of adipocyte-specific lipogenic phenotype by biotin questions its role in protein synthesis.
The intracellular levels of amino acids are sensed by general control nonderepressible 2 (GCN2) and mechanistic targets of rapamycin (mTORC1) to determine protein synthesis (Eleftheriadis et al. 2016) . The interaction of GCN2 with uncharged tRNA under the deprivation of amino acids inhibits protein synthesis by phosphorylating eukaryotic initiation factor 2α (eIF2α). In contrast, amino acids activate mTORC1 at the lysosomal surface to phosphorylate eukaryotic initiation factor 4E binding protein 1 (4E-BP1) and ribosomal p70 S6Kinase (p70S6K) to induce protein synthesis. Furthermore, like biotin, mTORC1 sensitizes insulin signaling and demonstrates tissue-specific metabolic phenotype by coordinating carbohydrate, lipid, and protein synthesis (Dibble and Manning 2013) .
The anabolic effect of mTORC1 is also demonstrated by its ability to inhibit catabolism. Notably, mTORC1 inhibits the lysosomal-dependent bulk degradation process called autophagy (Wong et al. 2015) . Besides dietary amino acids uptake, autophagy recycles endogenous organelles and macromolecules, including misfolded/long-lived proteins, to replenish cellular amino acids (Onodera and Ohsumi 2005; Yu et al. 2010) . However, the existing lysosomal centered regulatory loop between autophagy and mTORC1 allows the cells to appropriately sense and respond to nutrient-rich anddeficient conditions by determining the nature and extent of macromolecular turnover in cells.
Unlike starvation, the nutrient-and insulin-enriched conditions favor adipogenesis (Zhang et al. 2009 ) and the same inhibit autophagy (Meijer and Codogno 2008) . The inhibition of autophagy augments cellular storage. However, unlike lipid droplets, the prolonged accumulation of proteins elicits endoplasmic reticulum (ER) stress to inhibit protein synthesis via protein kinase R-like endoplasmic reticulum kinase (PERK)-mediated phosphorylation of eIF2α (Harding et al. 2000) . Since amino acid-mTORC1 signaling is indispensable for adipogenesis (Zhang et al. 2009 ) and the GCN2 activation negatively regulates mTORC1 signaling by phosphorylating regulatory subunit of mTORC1 (Averous et al. 2016; Yuan et al. 2017) , the supplementation of biotin is anticipated to spare dietary amino acids to sensitize insulin signaling and to sustain both lipid and protein synthesis via mTORC1 activation. In contrast, biotin accelerates insulin-induced adipogenesis by inhibiting autophagy. This uncouples adipocyte protein synthesis from lipogenesis via differential phosphorylation of mTORC1 substrates and ER stress without significant alterations in intracellular levels of amino acids.
Materials and methods

Cell culture and experimental design
The adipocyte primary culture was established as described by Negrel and Dani (2001) . Briefly, retroperitoneal adipose tissue from male Wistar albino rats was digested with 2 mg/mL Type IV collagenase (3 mL/g tissue) in DMEM for 1 h at 37°C. The filtered digest was centrifuged at 400×g for 10 min to pellet the stromal vascular fraction that was further re-suspended in DMEM containing 20% newborn calf serum and 1% penicillin-streptomycin-amphotericin mix. The re-suspended fraction was seeded in 12-well plates and incubated at 37°C under 5% CO 2 . After 24 h of incubation, the cells were rinsed and maintained in DMEM containing 10% newborn calf serum and 1% penicillin-streptomycin-amphotericin mix until confluence. The confluent cultures were differentiated by adding 4 ng/mL of insulin and divided into four groups viz. control (C), biotin (B), avidin plus biotin (A + B), and avidin (A) with medium replacements every 48 h. The final concentrations of biotin and avidin were 2 μM and 0.2 μM, respectively. On the sixth day after differentiation, the cells were washed twice with ice-cold phosphate-buffered saline (PBS) to harvest samples for subsequent experiments. The protocols for animal maintenance and usage were approved by the Institutional Animal Ethics Committee.
Immunoblot analysis
The PBS-rinsed cells were lysed using cell lysis buffer containing protease and phosphatase inhibitors under ice-cold conditions. Protein concentrations of the lysates were determined based on Lowry's protocol (Lowry et al. 1951) , and equal amounts of proteins were resolved by SDS-PAGE. The proteins were transferred to 0.2 μm supported nitrocellulose membrane. The total protein on the membrane was stained with Ponceau S and imaged. The destained membrane was blocked with 5% skimmed milk powder (or fatty acid freebovine serum albumin to detect phospho proteins) for 1 h at room temperature and probed overnight with 1:1000 diluted primary antibodies for the corresponding proteins of interest at 4°C. Following this, the membranes were washed and incubated with the respective HRP-conjugated secondary antibodies for 45 min at room temperature. The bands were visualized using Super Signal West Femto Chemiluminescent Substrate. The signals were recorded by LI-COR Odyssey Fc imager and analyzed using Image studio software version 5.2. The signals were normalized against the total proteins across the lanes stained with Ponceau S.
Amino acids analysis using reverse-phase HPLC
Reverse-phase liquid chromatography was used to separate and quantify phenyl isothiocyanate (PITC) derivatized amino acids as per Okayasu et al. (1997) and Hariharan et al. (1993) with slight modifications. To ensure a uniform DNA concentration, the volumes of cell lysates were adjusted with cell lysis buffer containing norleucine as the internal standard. Briefly, 250 μl of total cell lysates were deproteinized by mixing with 166.6 μL of acetonitrile (60:40, v/v) and centrifuged at 9000 rpm for 1 min. Following centrifugation, 300 μl of the supernatant was dried in a vacuum centrifuge and treated with 10 μl of methanol/water/triethylamine (2:1:1, v/v) with subsequent mixing and vacuum drying. The vacuumevaporated samples were further subjected to PITC derivitization by treatment with 20 μl of ethanol/water/ triethylamine/PITC (7:1:1:1, v/v), mixing, incubation for 10 min, and vacuum drying. The samples were then resuspended in 750 μl of sodium acetate (pH 7.5)-acetonitrile (98:2, v/v) and filtered through 0.2-μm filter before HPLC injection. HPLC analysis was performed using Agilent 1200 infinity HPLC system with auto-sample injection. The column for the HPLC separation was a C 18 column (150 × 4.6 mm I.D., 3 μm) (Inertsil-ODS-2) thermostated at 41°C with a simple multistep linear gradient of two solvents at a flow rate of 1.2 mL/min. Solvent A was 0.05 M sodium acetate (pH 5.1)-acetonitrile (98:2, v/v), and solvent B was wateracetonitrile (40:60, v/v). The detection of the separated PITC amino acid derivatives was done using UV detector at 254 nm. The efficacy of the protocol was validated by running an amino acid standard (Agilent 1200 infinity series, USA) following which random samples were spiked with 50 μl of the same standard to validate the peaks. The area under curve (AUC) values of the respective amino acid peaks were normalized against norleucine and used for relative quantification.
Oil Red O staining and estimation of triglycerides in adipocytes
The cellular lipid droplet content was determined by Oil Red O staining. Briefly, the PBS-rinsed cells were fixed using 4% para-formaldehyde at room temperature for 30 min. After fixation, the cells were rinsed thrice in PBS and stained with freshly diluted Oil Red O solution. The stained cells were washed with distilled water and imaged on a phase-contrast inverted microscope. Hematoxylin counterstain was used to discern the nucleus. The concentration of triglycerides in total cell lysates was determined based on a coupled enzymatic assay using ERBA kit, Germany. The DNA content of the samples was evaluated by using Quant-iT™ PicoGreen® dsDNA assay kit for normalization against the cell number.
Statistical analysis
The values are reported as average ± SD and differences across groups were determined using t test and one-way ANOVA followed by Tukey's test for post hoc analysis.
Results and discussion
Biotin accelerates adipogenesis
The increase in cellular triglyceride content and levels of adipogenic markers by insulin (Fig. 1a, b) supports its wellestablished role in adipogenesis (Sarjeant and Stephens 2012) . However, the additional increase in lipogenesis by exogenous biotin demonstrates its ability to accelerate insulin-induced adipogenesis (Fig. 1c-e) . The protein levels of ACC were decreased by biotin without altering fatty acid synthase (FAS) levels across treatments (Fig. 1c) . To correlate this decrease, the biotinylated status of ACC was evaluated by immunoblot using anti-biotin antibody. Notably, the biotinylated carboxylases were detectable only in biotin-added groups (Fig. 1c) irrespective of decreased levels of ACC apoenzyme. This is in agreement with the earlier reports that the rats fed with biotin deficient diet for 2 weeks accumulate catalytically inactive apoenzyme of ACC in adipose tissue (Jacobs et al. 1970) . Avidin treatment reduced the expression of perilipin and CCAAT-enhancer-binding proteinα (C/EBPα) without significant changes in triglyceride content as well as other markers of adipocyte differentiation compared to control. The endogenous biotin cycling (Hymes and Wolf 1999) possibly restricts biotin depletion to a significant extent during the experimental period.
Biotin inhibits autophagy to accumulate lipid droplets
Autophagy is involved in organelle and macromolecular turnover by regulating their trafficking for lysosomal degradation. Since lipid droplets are considered as intracellular organelles (Martin and Parton 2006) , the autophagic events were monitored in order to correlate the observed increase in lipid content by biotin. The Unc-51 like autophagy activating kinase 1 (Ulk-1) plays a critical role in initiation of autophagosome formation, and its phosphorylation at serine 757 by mTORC1 inhibits autophagy (Kim et al. 2011 ). However, the observed increase in total and phosphorylated levels of Ulk-1 by biotin maintains its active form similar to other groups (Fig. 2a) . This necessitates the determination of the maturation of autophagosomes by targeting lipidation of cytosolic microtubule-associated protein 1A/1B-light chain 3 (LC3-I) to form LC3-II. The ratio of LC3-II to LC3-I as well as the total levels of LC3-I was reduced by biotin (Fig. 2a) . Since Forkhead box O3 (FoXO3) regulates the gene expression of LC3-I and its phosphorylation by Akt decreases its transcriptional activity due to nuclear exit (Zhao et al. 2007 ), the status of Akt and FoXO3 was assessed to monitor the upstream events of autophagy. The increase in total Akt and its phosphorylation (Fig. 3) is associated with a 5.3-fold elevation in the phosphorylation of FoXO3 in biotin-treated groups (Fig. 2a) . This observed reduction in autophagosome content by biotin is correlated with reduced autophagic activity as evidenced by the accumulation of a complex reporter of autophagic flux, p62 (Fig. 2a) . Furthermore, the inhibition of lysosomal activity using lysosomtropic agents stimulates lipogenesis (Chen et al. 1986) , and the turnover of biotinylated carboxylases also occurs predominantly via autophagy (Chandler and Ballard 1985) . Therefore, the observed decrease in autophagy is also attributed to elevated levels of lipid accumulation by biotin.
Biotin uncouples mTORC1-dependent protein synthesis
The inhibition of autophagy necessarily accumulates not only lipids but also proteins (Zhao et al. 2015) . However, unlike triglyceride levels, the total protein content was not altered by biotin (Fig. 1e) . This demands the elucidation of the signaling pathways upstream of protein synthesis, in particular mTORC1 due to its effect on both autophagy and protein synthesis. The addition of biotin decreased the phosphorylation of 4E-BP1 and p70S6K irrespective of total increase in mTOR and its phosphorylation at serine 2448 residue (Fig. 3) . In contrast, the maintenance of mTORC1-dependent Ulk-1 ser757 phosphorylation (Fig. 2a) suggests that the mTORC1 substrates undergo differential regulation in adipocytes. This differential phosphorylation can be envisaged by a progressive competition among mTORC1 substrates due to a total increase in Ulk-1 levels (Fig. 2a) . mTORC1-dependent phosphorylation of 4E-BP1 and p70S6K is decreased in the cells overexpressing Ulk-1 by manipulating the ability of Raptor to interact with its substrate, 4E-BP1 (Dunlop et al. 2011 ). The dephosphorylated 4E-BP1 inhibits cap-dependent protein synthesis by sequestering eukaryotic initiation factor 4E by direct interaction (Matsuo et al. 1997) . Furthermore, the manipulation of protein synthesis during adipogenesis is exemplified by higher levels of 4E-BP1 in white adipose tissue as well as reduced adiposity in 4E-BP1 knockout mice (Tsukiyama-Kohara et al. 2013 ).
Biotin manipulates ER stress to regulate protein synthesis
Autophagy regulates endogenous amino acid availability as well as ER stress by recycling damaged/long-lived proteins (Ogata et al. 2006 ). GCN2 and PERK downregulate protein synthesis via eIF2α phosphorylation in response to amino [e] Total cell lysates from day 6 of adipocyte differentiation were used to determine the cellular triglyceride and protein content. The values were normalized against their respective DNA content to minimize the variations in cell lysis or loading and represented as fold changes with respect to control (n = 5). *p < 0.05 versus control groups Fig. 2 Biotin elicits ER stress via autophagy inhibition in adipocytes: Effect of biotin on ER stress and autophagy were determined using immunoblot against markers and transcriptional regulators of [a] autophagy and [b] ER stress. On the sixth day of differentiation, cell lysates for immunoblot were prepared using cell lysis buffer containing protease and phosphatase inhibitors cocktail. Nitrocellulose membranes were stained with Ponceau S for total protein to normalize protein loading. The values were expressed as average fold changes of three independent immunoblot experiments. The ratio of phosphorylated versus total levels of respective proteins indicates their phosphorylation status Fig. 3 Biotin uncouples mTORC1-dependent protein synthesis. Effect of biotin on upstream and downstream candidates of mTORC1 signaling were determined using immunoblot. Total cell lysates for immunoblot were prepared on the sixth day of differentiation using cell lysis buffer containing protease and phosphatase inhibitors cocktail. Equal amount of protein were resolved by SDS-PAGE and transferred to nitrocellulose membrane. The Ponceau S-stained membranes were used to normalize protein loading. The values were expressed as average fold changes of three independent experiments. The ratio of phosphorylated versus total levels of respective proteins indicates their phosphorylation status acid deprivation and ER stress, respectively (Wek et al. 2006) . Biotin contributed towards the increase in eIF2α ser51 phosphorylation and elevated levels of activating transcription factor 4 (Fig. 2b) that is a preferential translational target for phosphorylated eIF2α (Harding et al. 2003) . To determine the role of ER stress on eIF2α phosphorylation, PERK and its associated ER chaperone glucose-regulated protein 78 (GRP78) levels were determined. The levels of GRP78 were found to be higher in biotin-treated cells without major changes in total PERK levels. However, PERK undergoes dimerization and autophosphorylation at serine 980 residue once dissociated from GRP78 (Ma et al. 2002) . Therefore, the increase in phosphorylation of PERK ser980 by biotin confirms the existence of ER stress signaling during adipocyte differentiation. Previous studies have also shown that ER stress activates fatty acid synthesis via 5′-cap-independent translation of sterol regulatory element-binding protein 1c mRNA by heterogenous nuclear ribonucleoprotein A1 (Damiano et al. 2010; Damiano et al. 2013; Fang et al. 2013 ). On the contrary, the knockdown of GRP78 attenuates adipogenesis (Zhu et al. 2013) . Together, the adipocyte differentiation elicits ER stress to uncouple adipocyte protein synthesis.
Since ER plays a critical role in protein and lipid synthesis, the observed selective inhibition of protein synthesis suggests the possibility of ER modifications to maintain the adipocyte lipogenic phenotype. It is demonstrated that expansion of ER membrane by promoting lipid synthesis alleviates ER stress independent of unfolded protein response (Schuck et al. 2009 ). The dynamin-related membrane GTPase, Atlastin, regulates ER network formation by carrying out homotypic ER fusion, and its loss limits ER expansion by undergoing fragmentation (Orso et al. 2009 ). Furthermore, Atlastins influence lipid droplet size and total triglyceride content of an organism (Klemm et al. 2013 ), possibly, due to their effect on ER fusion and the close association between ER and lipid droplets (Blanchette-Mackie et al. 1995) . Therefore, the observed increase in Atlastin levels by biotin (Fig. 2b) supports the possibility of promoting lipogenesis by manipulating ER stress. Nevertheless, the ultrastructural analysis of ER is warranted for further validation.
Biotin alters intracellular amino acid profile
Though GCN2 targets eIF2α phosphorylation, the requirement of GCN2 dimerization in an anti-parallel manner during amino acid scarcity (Dey et al. 2007 ) restricts the discussion of the role of GCN2 solely based on the available immunoblot data (Fig. 2b) . Alternatively, the intracellular amino acid profile was determined using HPLC to indirectly evaluate the role of GCN2 on protein synthesis. The total amino acid levels did not vary across treatments ( Supplementary Fig. 1) ; however, the relative decrease in at least one amino acid per group (Fig. 4) restricts us to discuss the role of GCN2 as an upstream regulator of eIF2α phosphorylation.
In summary, autophagy inhibition by biotin accelerates insulin-induced adipogenesis. The compensatory increase in Ulk-1 possibly interferes with 4E-BP1 and p70S6K phosphorylation by mTORC1. Furthermore, the decline in autophagy elicits ER stress to inhibit protein synthesis via eIF2α phosphorylation. Though the levels of certain amino acids are decreased, its association with differential regulation of mTORC1 and GCN2 is complex. Since autophagosomes Fig. 4 Biotin alters the intracellular levels of certain amino acids. Reverse-phase HPLC was carried out determine the intracellular levels of amino acids. The cells were lysed on the sixth day of differentiation, and the lysate volumes across samples were adjusted to a uniform DNA concentration using cell lysis buffer containing norleucine as internal standard. Equal volumes of lysate were delipidated, deproteinized, and PITC-derivatized for amino acid analysis using HPLC. The AUC value of each analyte was normalized against norleucine and subjected to relative quantification. Symbols * and # indicate a p value < 0.05 significance compared with control and biotin-treated group (n = 4), respectively deliver substrates to lysosomes, we envisage that the altered lysosomal flux manipulates mTORC1 localization in order to differentially recognize its phosphorylation substrates.
